Aggrecan is a large proteoglycan (PG) that has been grouped with different PG families on the basis of its physical characteristics. These families include the chondroitin sulfate PGs, which appear to inhibit the migration of cells and axons during development. Although aggrecan has been studied primarily in cartilage, in the present study, tissue samples from developing, mature, and injured-adult rat spinal cords were used to determine whether aggrecan is present in the mammalian spinal cord. By the use of Western blot analysis, tissues were probed with aggrecan-specific antibodies (ATEGQV, TYKHRL, and LEC-7) and aggrecan-specific neoepitope antibodies (NITEGE, FVDIPEN, and TFKEEE) to identify full-length aggrecan and several fragments. Unlike many other aggrecan gene family members, aggrecan species were similar in embryonic day 14, postnatal day 1, and adult spinal cords. Spinal cord injury caused significant decreases in aggrecan. Partial recovery in some aggrecan species was evident by 2 weeks after injury. The presence of specific aggrecan neoepitopes suggested that aggrecan is cleaved in the spinal cord by both a disintegrin and metalloproteinase thrombospondin (also known as aggrecanase) and metalloproteinase-like activities. Many aggrecan species found in the spinal cord were similar to species in cartilage. Additional antibodies were used to identify two other aggrecan gene family members, neurocan and brevican, in the adult spinal cord. These studies present novel information on the aggrecan core protein species and enzymes involved in aggrecan cleavage in vivo in the rat spinal cord throughout development and after injury. They also provide the basis for investigating the function of aggrecan in the spinal cord.
Aggrecan is a large proteoglycan that has been characterized predominantly as a component of the extracellular matrix of cartilage (Doege et al., 1987 (Doege et al., , 1991 Hascall et al., 1994) . It also, however, is present in the developing brain (Schwartz et al., 1993; Milev et al., 1998b) and has been identified recently in the adult brain (Milev et al., 1998b) . It is the largest of four molecules that form a family of proteoglycans that have been identified by several names: the lecticans , the aggrecan gene family (Schwartz et al., 1999) , and the hyaluronan-binding proteoglycans (Milev et al., 1998b) . The other three family members are neurocan, brevican, and versican, all of which have also been identified in the CNS. Despite a number of structural similarities between these four proteoglycans, on the basis of their differential expression in the brain (Milev et al., 1998b) , it is likely that they have distinct functions in the CNS.
There is indirect evidence that this family of proteoglycans modulates cell adhesion, migration, and axonal outgrowth in the developing CNS ; for review, see Yamaguchi, 2000) . Because aggrecan, neurocan, brevican, and versican core proteins can all be substituted with chondroitin sulfate (CS) glycosaminoglycan (GAG) chains, they are all members of the larger family of CSPGs. Their potential for CS substitution, however, varies markedly in that aggrecan may carry up to 100 CS chains, whereas human neurocan, brevican, and versican may be maximally substituted with 23, 11, and 4 CS chains, respectively.
Although recent studies suggest that CSPGs inhibit regeneration after spinal cord injury (SCI) (Gates et al., 1996; Fitch and Silver, 1997; Lemons et al., 1999) , there is little information on the presence of aggrecan in the adult spinal cord (Asher et al., 1995) . Furthermore, no study has determined whether specific aggrecan fragments, characteristic of cartilage (Lark et al., 1995a (Lark et al., ,b,c, 1997 Sandy and Lark, 1999) , also might be present in the CNS. Thus, in the current study, we have used Western blot analysis and a panel of monospecific antibodies, as well as neoepitope antisera against specific degradation products, to identify and characterize aggrecan in developing, adult, and injured-adult rat spinal cords. Our data show that the full-length aggrecan protein core (ϳ350 kDa) is a normal constituent of the spinal cord in the embryo and throughout life. We also show the presence of well characterized aggrecan fragments in spinal cord tissue using neoepitope antibodies. In cartilage, two of the fragments studied (NITEGE and TFKEEE) are generated by the action of ADAMTS activity (first described as "aggrecanase") on aggrecan (Sandy et al., 1995) . The third fragment [globular domain 1 (G1)-VDIPEN] results primarily from the action of metalloproteinases (MMPs) or cathepsin B (CatB) (Lark et al., 1995c; Mort et al., 1998) . Overall, there is no striking difference between the aggrecan core protein products seen in the spinal cord during development and adulthood. Spinal cord injury, however, significantly decreases aggrecan content. Thus, this study provides the first analysis of aggrecan core structure and its degradation products in the mammalian spinal cord and provides a framework for the investigation of the function of these species in this tissue.
MATERIALS AND METHODS
Hemisection spinal cord injur y. Female adult L ong-Evans rats were anesthetized with an intraperitoneal injection of sodium pentobarbital (35 mg / kg). All animals were given an antibiotic, penicillin G procaine (30,000 U/250 gm; Phoenix Pharmaceutical, Inc., St. Joseph, MO), subcutaneously for 7 d, beginning on the day of surgery. Surgical procedures were performed using sterile techniques and on a warming pad. The low thoracic spinal cord was exposed by a laminectomy, and the dura mater was slit. Iridectomy scissors were used to make three cuts in the spinal cord at ϳT13. T wo unilateral hemisections 2-3 mm apart were made, and a third cut connected the medial aspects of the hemisections. Gentle aspiration was used to lift out the tissue isolated by the cut and any remaining tissue to make a complete hemisection. If the edges of the dura matter remained intact after hemisection injury, the dura matter was sutured. The muscle and skin were closed in layers. Rats recovered in a veterinary intensive care unit and were rehydrated immediately after surgery with subcutaneous injections of 3 ml of saline. The bladders of the rats were manually expressed twice daily until bladder f unction returned.
T issue preparation. Animals [3 timed-pregnant, 7 postnatal day 1 (PN D1), 15 normal adult, and 25 spinal cord-injured adult rats] were deeply anesthetized with an overdose of sodium pentobarbital (Ͼ50 mg / kg). An ovariohysterectomy procedure was performed on timedpregnant animals at 14 d after conception. The intact uterus was removed and placed on ice. The embryonic day 14 (E14) spinal cords were kept cold while the spinal cords were caref ully dissected and the dura matter was removed under a microscope. The spinal cords of PN D1 rats were similarly removed with the aid of a dissecting microscope. The spinal cords of normal adults or spinal cord-injured adults were removed after a laminectomy procedure. A large laminectomy was made from T10 through L2. T wenty-five millimeters of the exposed spinal cord were quickly removed by severing the roots and cutting the spinal cord. The injured spinal cords were blocked into five 5 mm pieces with the middle piece containing the lesion epicenter. Each 5 mm piece approximated one spinal segment. Thus, in addition to the lesion at T13, 10 mm of tissue above and below the lesion epicenter was collected and referred to as "tissue rostral or caudal to the lesion," respectively. Only tissue from the lesion blocks was used for the quantitative aspects of the study. All harvested spinal cords (E14, PN D1, adult, and injured adult) were immediately frozen in liquid nitrogen and maintained at Ϫ70°C until processed. Tissue was then quickly thawed, rinsed with cold phosphatebuffered solution (PB), and placed into a cold proteinase inhibitor solution. The proteinase inhibitor solution consisted of "total proteinase inhibitor cocktail" (Boehringer Mannheim, Indianapolis, IN) in 0.1 M PB, pH 7.4, with 5 mM iodoacetic acid, 0.1 mM 4-(2-aminoethyl)benzenesulphonyl flouride, 1% 3-[(cholamidopropyl)dimethylammonio]-1-propane-sulfonate, 1 g/ml pepstatin A, 50 mM sodium acetate, 5 mM benzamidine hydrochloride hydrate, 5 mM phenylmethylsulfonyl fluoride, and 10 mM Nethylmaleimide (Sigma). The tissue was then quickly cut into 5 mm pieces while in the proteinase inhibitor solution, blotted dry, weighed, and placed into 1.5 ml tubes with 15 vol (1.6 l/mg of tissue) of cold extractant solution (proteinase inhibitor solution containing 4 M guanidine hydrochloride, pH 7.6). Each sample was homogenized, using a prechilled "tissue tearer" (from Biospec Products, Inc.), for 3-5 sec and extracted overnight at 4°C. The samples were clarified by centrifugation at 14,000 ϫ g for 90 min at 4°C. A floating layer of insoluble material (myelin) was removed. The clear extracts were precipitated overnight with 3 vol of cold ethanol and 5 mM sodium acetate at 0°C. Precipitated proteins (including the proteoglycans) were collected by centrifugation for 1 hr at 14,000 ϫ g at 4°C. Ethanol was removed, and the tissue pellet was resuspended in, and chondroitinasedigested with, 125 l of 0.9 U of purified chondroitinase ABC (Sigma) in 1 ml of buffer (50 mM sodium acetate, 50 mM Tris hydrochloride, and 10 mM EDTA, pH 8) for 3 hr at 37°C.
Protein concentration was determined using a modification of a published method. Briefly, in a 96-well plate, samples were assayed with 250 l of Bradford reagent (Sigma) and a plate reader (programmed to read at 595 nm). A dilution series (0 -10 g) of bovine serum albumin (Sigma) was also assayed to generate a standard curve. The protein concentration of each sample was calculated on the basis of the standard curve. On average, 57 g of protein was loaded per lane for the qualitative aspects of this study. The high protein loading was done to expose the complete spectrum of all aggrecan core species present in each tissue for the qualitative aspects of the study. For the quantitative aspects of the study, lanes were loaded on the basis of wet tissue weight. Thus, each lane was loaded with a microliter amount equal to 12.7% of the wet weight.
Electrophoresis. Chondroitinase-digested samples were mixed with sample buffer (Novex 2ϫ sample buffer containing 800 mM D,Ldithiothreitol and 3 M urea) and heated at 100°C for 5 min. The samples were loaded on a 10-well, 1.5-mm-thick, 4 -12% SDS-PAGE gradient gel (Novex, San Diego, CA). The gels were run at 125 V for 85 min in electrode buffer (25 mM Tris base, 192 mM glycine, and 0.1% SDS). See Blue prestained molecular weight markers (Novex) and biotinylated broad-range molecular weight markers (Bio-Rad, Hercules, CA) were used as standards. Purified aggrecan from rat chondrosarcoma (RC S) chondroitinase-digested was used as a positive control [this material contains f ull-length aggrecan and several of its naturally occurring degradative products (Sandy et al., 1995) ]. Aggrecan degradative products from RC S are similar to those degradative products typically found in cartilage (Sandy et al., 1995 (Sandy et al., , 2000 .
Transfer and immunoblotting. Gels that were processed for the presence of aggrecan were transferred onto a 0.45 m nitrocellulose membrane in a Bio-Rad Transfer Unit filled with transfer buffer (25 mM Tris base, 192 mM glycine, and 20% methanol). These gels were transferred with 100 V for 1 hr at room temperature or 30 V overnight on ice. Gels that were processed for the presence of brevican were also transferred onto a 0.45 m nitrocellulose membrane using a transfer buffer that did not contain methanol (25 mM Tris base and 192 mM glycine) with 150 mA for 2 hr. After transfer, all membranes were rinsed twice for 5 min each. The first rinse was with 20 mM Tris-buffered saline containing 0.5% T ween and 137 mM sodium chloride at pH 7.6 (TBS-T20), and the second was with 1% nonfat dry milk in TBS-T20. The membranes were then blocked in 5% nonfat dry milk (C arnation) in TBS-T20, followed by a 45 min incubation with one of several primary antibodies [anti-ATEGQV, TYK HRL, N I TEGE, FV DI PEN, TF K EEE, globular domain 3 (G3), L EC -7, and G1] diluted in TBS-T20 containing 1% nonfat dry milk (each primary was diluted at 1:3000 except for FV DI PEN that was diluted at 1:1000). The use of these antibodies has been described in detail previously (Lark et al., 1995a,b,c; Sandy et al., 1995) and is described in more detail below. Membranes were washed with TBS-T20 quickly two times and then three times for 10 min each. Membranes were then incubated with goat anti-rabbit peroxidase-labeled antibodies (Vector Laboratories, Burlingame, CA; 1:5000) in TBS-T20 containing 1% nonfat dry milk for 30 min. The portion of the nitrocellulose membrane that contained biotinylated markers was cut out and run separately from the portion of the membrane that contained spinal cord tissue. We have found that the strepavidin-horseradish peroxidase (HRP) used to label the biotinylated molecular weight markers can nonspecifically bind to lanes containing spinal cord tissue. Thus, the portion of the membrane with biotinylated markers was cut and separately incubated with strepavidin-HRP (Vector Laboratories; 1:5000) for 30 min. T wo negative controls were done: (1) the membrane was not incubated with the primary antibody, and (2) the membrane was incubated with the primary antibody that had been preincubated with aggrecan (10 l of antibody with 0.1 mg of aggrecan dissolved in 100 l of distilled water). All membranes were rinsed in TBS-T20 as described above and incubated with a chemiluminescent marker, ECL (Amersham, Arlington Heights, IL), for 1 min. Film exposure times ranged from 15 sec to 3 min to generate suitable images for the qualitative aspects of the study. E xposure times were consistent (30 sec) for all films used for the quantitative aspects of the study. Any film-to-film variation was normalized by the use of purified RC S (1 g of core protein) in duplicate on each gel.
Primar y antibodies. The epitope locations for the seven antibodies used (G1, ATEGQV, TYK HRL, L EC -7, N I TEGE, TF K EEE, and FV-DI PEN) are shown in Figure 1 and described below. Three of these are neoepitope antisera (N I TEGE, TF K EEE, and FV DI PEN). Anti-G1 was raised in rabbits by immunization with purified aggrecan G1 domain supplied by Dr. Larry Rosenberg (Montefiore Hospital). The production of ATEGQV, TYK HRL, and L EC -7 has been described previously (Sandy et al., 2000) . Affinity-purified samples of N I TEGE and FV-DI PEN were kindly provided by Dr. John Mort at the Shriners Hospital in Montreal, C anada. TF K EEE was provided by Merck and Company (Rahway, NJ). It should be noted that the antisera that react with epitopes in the G1 domain (ATEGQV and G1) or the G3 domain (TYK HRL and L EC -7) of aggrecan react with f ull-length aggrecan and degradative products bearing the G1 or G3 domain alone, whereas the neoepitope antisera react only with specific degradation products. The immunizing peptides recognized by ATEGQV in the G1 domain (ATEGQV RV NSI YQDK VSL P) and by TYK HRL in the G3 domain (TYK HRL QRTMRP TRRSRPSM AH) are not present in the core protein of any other known proteoglycan. These two antibodies also were tested for reactivity with versican (VO and V1) from human smooth muscle cells (supplied by Dr. Richard Kenagy of Washington University, Seattle, WA), and it was shown (J. D. Sandy, C. Verscharen, and J. Westling, unpublished observations) that the versican core species detected with anti-versican V1 (from Dr. Richard LeBaron of University of Texas, San Antonio, TX) did not react with ATEGQV or TYK HRL.
In the current set of experiments, we also show that these antibodies do not react with the brevican or neurocan core species (see Results). L EC -7 detects an aggrecan-specific peptide in the lectin motif of the aggrecan G3 domain (Sandy et al., 2000) . TF K EEE detects the neoepitope generated by aggrecanase-dependent cleavage of the Glu 1459 -Gly 1460 bond of rat aggrecan (Sandy et al., 1995) . N I TEGE detects the neoepitope generated by aggrecanase-dependent cleavage of the Glu 373 -Ala 374 bond of rat aggrecan (Lark et al., 1995a,b,c; Sandy et al., 1995) . FV DI PEN detects the neoepitope generated by MM P-or C atBdependent cleavage of the Asn 341 -Phe 342 bond of rat aggrecan (Lark et al., 1995c; Mort et al., 1998) . The specificity of the various aggrecan antisera was confirmed for C NS antigens in the present study by showing that controls without primary antibody did not detect the aggrecan species that are described.
The brevican monoclonal antiserum (RB18; generously provided by Dr. Yamaguchi, La Jolla, CA) was raised against the 80 kDa C -terminal fragment of brevican and, therefore, detects both the f ull-length (145 kDa) and the aggrecanase (ADAMTS)-generated C -terminal fragment (80 kDa) (Yamada et al., 1995; Matthews et al., 2000) .
The two different neurocan antisera used (1F6 and 1D1; Hybridoma Bank, Iowa C ity, IA) specifically recognize the N-terminal and C -terminal halves of the molecule, respectively, that are generated by proteolysis near the middle of the core protein (Meyer-Puttlitz et al., 1995; Olsson et al., 1996) .
Quantification of ag grecan in spinal cord. The films produced from Western blots probed with anti-ATEG were scanned on a Hewlett Packard Desk Scan II and analyzed with Scion (N IH) Image Software using the Plot Profile f unction. Profiles (pixel density vs centimeters) were examined to determine the position of the discrete peaks for species A, C, E1, E2, and E3, and these were then measured as integrated pixel densities, with background subtraction, using the Measure f unction. Integrated pixel density data were then expressed as integrated pixel densities per milligram wet weight of tissue. Standard rat aggrecan (A1D1) was run on all gels and used to normalize data derived from different gels. A one-way ANOVA was used to determine whether the means differed between groups. Paired two-sample t tests were run to specif y the nature of those differences. A significance level of p Ͻ 0.05 was set for all statistical analyses.
RESULTS
Our results show that immunoreactive aggrecan core protein species are present in the embryonic, postnatal, adult, and injured spinal cord. Three aggrecan-specific antibodies (ATEGQV, TYKHRL, and LEC-7) detected full-length aggrecan as well as many aggrecan degradative products in embryonic, postnatal, and adult spinal cord. Many of the aggrecan degradative products also were seen in injured spinal cord tissue at 1 and 2 weeks after injury. Aggrecan degradation fragments also were identified by specific neoepitope antisera (TFKEEE, NITEGE, and FV-DIPEN). With the ATEGQV, G1, and LEC-7 antibodies, the full-length spinal cord rat aggrecan appeared smaller than the rat chondrosarcoma aggrecan on SDS-PAGE, presumably because of glycosylation differences. In addition to aggrecan, two other members of the aggrecan gene family were also identified. Brevican-specific antibodies (IF6 and 1D1) detected brevican in the adult spinal cord. RB18, a neurocan-specific antibody, detected neurocan in both the adult and PND1 spinal cord.
ATEGQV and TYKHRL identify aggrecan and aggrecan degradative products in the spinal cord
Aggrecan species that reacted with the ATEGQV antisera were abundant in embryonic, postnatal, and mature spinal cord extracts (Fig. 2, lanes 7-9, respectively) . The banding pattern (A-E) was similar for the ATEGQV antisera in each sample. The mature sample also contained a series of species that reacted with the TYKHRL antisera (Fig. 2, lane 13) . Both of these antibodies detected full-length aggrecan (band A at ϳ350 kDa), and the identity of band A was confirmed by demonstrating that it also reacted strongly with anti-G1 (see Fig. 5 , lane 5) and LEC-7 (see Fig. 5, lane 7 ) . Many of the fragments appeared to correspond to known fragments in purified standard aggrecan from the Swarm RCS. Image overlay of the gels with molecular weight standard alignments showed that these antisera do not appear to detect the other aggregating proteoglycans present in these samples; thus, neurocan (Fig. 3, lanes 1, 2) and brevican (Fig. 3, lanes 3-6 ) were detected with core-specific antisera, and these proteins did not appear to react with either ATEGQV or TYKHRL.
The presence of both intact and fragmented aggrecan in spinal cord samples is similar to the situation in cartilage extracts and Figure 1 . Aggrecan antibody binding. Illustration of the seven aggrecan antibody-binding epitopes (bolded), several known aggrecanase cleavage sites (underlined), and one MMP cleavage site (double underlined). Four of the antibodies (ATEGQV, G1, TYKHRL, and LEC-7) label both fulllength aggrecan and aggrecan degradative products. Three neoepitope antibodies (NITEGE, FVDIPEN, and TF-KEEE) label sites that are exposed only after enzymatic cleavage. The neoepitope antibodies are marked by an asterisk. All sequences shown are human and are conserved in the rat except that the TFKEEE antisera detects TFREEE in rat. The expected cleavage sites that would produce the 50 kDa KEEE-positive species (see Fig. 2, lane 12) are also indicated. Residue numbers are shown for C-terminal neoepitopes. Circles indicate the three globular domains (G1, G2, G3), the horizontal line represents the protein core, and the vertical lines represent the sites of possible CS substitution. cultured chondrocytes stimulated with cytokines in which multiple C-terminally truncated forms are present. The fragments in cartilage, thus far, have been shown to be the result of aggrecan degradation by aggrecanases (ADAMTS), MMPs, and possibly CatB (Sandy et al., 1991 (Sandy et al., , 1995 (Sandy et al., , 1998 Fosang et al., 1992; Hughes et al., 1995; Grumet et al., 1996; Rauch et al., 1997; Mort et al., 1998; Sandy and Lark, 1999) . In this regard, there are several reasons why it is likely that the aggrecan patterns seen with spinal cord samples are valid descriptions of the molecule as it exists in vivo and not a result of proteolysis during preparation. First, some of the fragments are identical to well characterized fragments present in cartilage extracts. Second, the same spinal cord samples contained high molecular forms of both brevican and neurocan (see Results) that are identical to those described previously by others in brain extracts (Meyer-Puttlitz et al., 1995; Yamada et al., 1995; Olsson et al., 1996; Matthews et al., 2000) .
To simplify description of the ATEGQV-positive bands (Fig. 2,  lanes 1-9) , we refer to the bands as follows: the ϳ350 kDa band (full-length aggrecan core protein, which also reacted with G1, TYKHRL, and LEC-7) as A, the ϳ250 kDa band as B, ϳ220 kDa band as C, ϳ135 kDa band as D, the ϳ60 kDa band as E1, the ϳ55 kDa band as E2, and the ϳ52 and ϳ50 kDa bands collectively as E3. The robust staining of bands C-E suggest that these species are the most abundant in spinal cord.
Some aggrecan degradation products are identified by neoepitope antisera
Aggrecan neoepitope antisera (TFKEEE, NITEGE, and FV-DIPEN) were used to identify a number of the ATEGQVpositive bands present in normal adult spinal cord. First, the TFKEEE antiserum detected a product at ϳ220 kDa that comigrated with band C (Fig. 2, lane 12) and that has properties consistent with the species G1-TFREEE 1459 (see Fig. 4 ). This species is generated by ADAMTS-4 cleavage of aggrecan in solution (Tortorella et al., 2000) and is seen in both rat chondrosarcoma and human cartilage extracts (Sandy et al., 1998 (Sandy et al., , 2000 . The other major TFKEEE-positive band migrated at ϳ50 kDa, consistent with its identification as the ADAMTS-generated product Gly 1275 -Glu 1459 (see Fig. 1 for explanation) that has been identified as the product of ADAMTS-4 cleavage at Glu 1274 and Glu 1459 in solution (Tortorella et al., 2000) . Interestingly, this aggrecan product and other C-terminal fragments of this kind have not been detected in cartilage extracts presumably because they are lost rapidly by diffusion into the synovial fluid. Second, the NITEGE antiserum detected a single ϳ60 kDa species (Fig.  2, lane 10) that comigrated with the ATEGQV-positive species E2 (Fig. 2) . This species (see Fig. 4 ) results from ADAMTS-4 cleavage at the Glu 373 -Ala 374 bond of aggrecan (Tortorella et al., 2000) , and it is also a major aggrecan product that is present in extracts of rat and human cartilages (Sandy et al., 2000 . Third, the FVDIPEN antiserum detected an ϳ52 kDa species (Fig. 2, lane 11) that comigrated with one component of the ATEGQV-positive band E3 (Fig. 2, lanes 1-9) . There was also some minor cross-reactivity with band E2 that has been seen previously with human cartilage G1 species on Western blot analysis (Sandy et al., 1995) . The G1-FVIDPEN 341 species is a product of MMP or CatB digestion of aggrecan (Mort et al., . The ϳ350 kDa band is referred to as band A, the ϳ250 kDa band is B, the ϳ220 kDa band is C, the ϳ135 kDa band is D, the ϳ60 kDa band is E1, the ϳ55 kDa band is E2, and the ϳ52 and ϳ50 kDa bands collectively are E3. Some of the aggrecan (ATEGQV-positive) degradative fragments are identified by neoepitope antisera in normal adult spinal cord tissue. These include the following: NITEGE-positive 60 kDa band (lane 10; which also is the E2 band identified with ATEGQV), FVDIPEN-positive ϳ52 kDa band (lane 11; which also is the E3 band identified with ATEGQV), and TFKEEE-positive 220 kDa band (and other smaller fragments; lane 12). The TYKHRL antibody can identify full-length aggrecan and aggrecan fragments. TYKHRL labeling is shown in normal adult spinal cord tissue (lane 13). Molecular weights in kilodaltons are shown on the left of lanes 1 and 13. 1998), and it is also a major aggrecan product that is present in rat and human cartilage .
The identity of the ATEGQV-positive doublet band D protein (Fig. 2, lanes 1-9) is unknown at present; however, the migration behavior of the doublet is consistent with a "double-globe" species consisting of the G1 and globular domain 2 (G2) domains only, generated by cleavage on the C-terminal side of the G2 domain (see Fig. 4 ); this type of product is also abundant in rat and human cartilage extracts (Sandy et al., 2000 . The identity of the band E3 species of lowest molecular weight that does not react with the anti-VDIPEN is unknown at present but presumably represents more truncated forms of the aggrecan G1 domain. The structures of the spinal cord aggrecan species termed A-E3 are represented pictorially in Figure 4 where established C terminals are given and unknown C terminals are described with a question mark. The structures of the TYKHRLpositive (Fig. 2, lane 13) and LEC-7-positive (data not shown) bands have not been as extensively studied as the G1 products although band A is clearly indicated. The apparently abundant TYKHRL-positive doublet at ϳ60 kDa shows a migration behavior that is consistent with a product formed by the release of the G3 domain from full-length aggrecan by cleavage at a site that is within the sparsely GAG-substituted region adjacent to the G3 domain. As would be expected for a freely diffusible product, this G3 species has not been detected in cartilage extracts ).
Migration patterns differ between spinal cord and cartilage aggrecan
Full-length aggrecan (G1-G3) in spinal cord migrated faster than did the full-length RCS aggrecan. This was consistently seen with all four antisera (ATEGQV, TYKHRL, G1, and LEC-7) that are capable of identifying full-length aggrecan (Fig. 5, lanes 1, 2,  5-8 ). This faster migration pattern also was seen with the highmolecular weight TFKEEE-reactive band C (Fig. 5, lanes 3, 4 ) . Band C is a large aggrecan product that contains the G1 and G2 domains as well as a large portion of the CS attachment region (Figs. 1, 4) . Because both the chondrosarcoma and spinal cord samples contain full-length aggrecan core protein, the faster migration of the spinal cord species is probably a result of a lower degree of substitution with O-linked oligosaccharides and/or CS linkage regions, both of which are not removed by chondroitinase. The differences in migration patterns are consistent with what has been shown in a nonmammalian system and attributable to glycosylation differences. Specifically, brain-derived aggrecan in the developing chicken is substituted with less CS and contains no keratan sulfate in contrast to cartilage . Thus, although the CS content of cartilage aggrecan is generally ϳ90% of the total molecular weight, the CS content of the spinal cord molecule may be much lower, perhaps reflecting a different requirement for CS in the function of the molecule in the two tissues.
Effects of spinal cord injury on aggrecan
Many aggrecan fragments also were detected in the injured spinal cord using ATEGQV and TYKHRL antibodies. The staining patterns appeared similar at the level of the lesion as well as rostral and caudal to the injury site (Fig. 2, lanes 1-3, 5, 6 ). In many aspects, these bands were very similar to those seen in normal embryonic, postnatal, and adult spinal cord tissues. To provide information on the effect of injury on the tissue content of aggrecan core protein species, we determined the content of species A, C, E1, E2, and E3 by densitometric analysis of these bands on anti-ATEG Western blots of five normal rats, five rats at 1 week after injury, and five rats at 2 weeks after injury. A set of typical Western blots and plot profiles for these three groups of animals is shown in Figure 6 . Content data (i.p.d./mg wet weight) shown as the mean (ϮSD) for total immunoreactive aggrecan (species A ϩ C ϩ E1 ϩ E2 ϩ E3) and for each species are given in Figure 7 . The data show that SCI is accompanied by marked quantitative changes in the total immunoreactive aggrecan and in ATEGQV labeling of full-length aggrecan core protein (Fig. 2, band A) and the ϳ250 kDa species (Fig. 2, band B) in normal adult spinal cord (lane 1) and RCS (lane 2) is shown. TFKEEE neoepitope labeling of a large aggrecan fragment (Fig. 2, band C individual aggrecan species. First, the total aggrecan content (mean, 10.7) in normal animals is reduced by 65% to a mean of 3.8 at 1 week after injury, and this recovers to a mean of 6.0 that is 56% of the normal content by 2 weeks (Fig. 7A) . A single-factor ANOVA, with an ␣ level of 0.05, shows that there is a significant difference between the aggrecan content in the normal and injured tissues (F (2, 12) ϭ 18.11; p Ͻ 0.001). Paired two-sample t tests show that there is a significant reduction in aggrecan content from normal values at both 1 week [t(4) ϭ 4.164; p ϭ 0.014] and 2 weeks [t(4) ϭ 4.28; p ϭ 0.013] after injury. The differences in (recovery of) aggrecan content between 1 and 2 weeks after injury are marginally significant [t(4) ϭ Ϫ2.7; p ϭ 0.053]. These results presumably reflect an initial period of matrix degradation followed by an attempted repair that is not yet complete at 2 weeks. The proteases involved in this period of spinal aggrecan remodeling are indicated by the species-specific changes that occur over this period (Fig. 7B) . The full-length (ϳ350 kDa) aggrecan core protein (band A) represents Ͻ4% of the total aggrecan content in normals and appears to be lost after injury. Because of its small representation, the functional implications of the loss of band A are unclear. In contrast, the loss of band C at 1 week and its recovery at 2 weeks after injury would probably accompany significant functional changes in the CS content because it represents the major putative CS-bearing aggrecan species in the tissue. Initially this loss of band C material correlates with an increase in band E1. The precise C terminal of E1 is unknown; however, its migration pattern is consistent with the species G1-ILTVKP384, a likely minor product of aggrecan cleavage by MMP-13 (Fosang et al., 1996) . Interestingly, the data show that the terminal product of aggrecan degradation by AD-AMTS activity (G1-NITEGE-373), species E2, is a major component of the normal aggrecan matrix and is markedly reduced after injury. Loss of this component would not require proteolysis (like the larger glycosylated species) and may be caused by endocytosis or loss into the CSF. The increase of species E3, a major component of which is G1-VIPEN341, suggests that injury is accompanied by increased MMP-like activity in the aggrecancontaining region(s) of the tissue.
Other aggregating proteoglycans are present in the spinal cord
Brevican and neurocan also were detected in normal spinal cord. A specific brevican antibody (RB18) identified two bands (145 and 80 kDa) in the adult and PND1 spinal cord (Fig. 3, lanes 3, 5) ; however, brevican was not detected in E14 spinal cord (Fig. 3,  lane 4 ) or RCS aggrecan samples (Fig. 3, lane 6 ). Neurocan was identified in the adult spinal cord with two antibodies (1F6 and 1D1) generated against epitopes in the N-and C-terminal halves of the molecule (Rauch et al., 1992; Meyer-Puttlitz et al., 1995) (Fig. 3, lanes 1, 2) . The 1F6 antibody labeled an ϳ130 kDa band in adult spinal cord tissue, and the 1D1 antibody labeled an ϳ150 kDa band. Both of these products appear to correspond to neurocan products identified previously as specific proteolytic fragments of neurocan in the brain (Rauch et al., 1991 (Rauch et al., , 1992 Engel et al., 1996; Meyer-Puttlitz et al., 1996; Katoh et al., 1998) .
DISCUSSION
These studies show that aggrecan is present in the embryonic, neonatal, adult, and injured-adult rat spinal cord. The results are in agreement with other studies that have shown that aggrecan is present in the developing and adult mammalian brain (Salmivirta et al., 1996; Milev et al., 1998b) as well as the developing avian brain Schwartz et al., 1996 Schwartz et al., , 1999 . In addition, these results are consistent with previous studies that describe an "aggrecan-like" protein in the adult dog, rat, and hamster spinal cord (Zaremba et al., 1989; Kalb and Hockfield, 1990; Fryer et al., 1992; Asher et al., 1995) . Our studies extend the previous work in three ways: (1) the use of two well characterized aggrecan-specific antibodies (ATEGQV and TYKHRL) to identify and quantify full-length aggrecan and many aggrecan-specific degradative products on Western blots, (2) identification of aggrecan (fulllength core protein and many degradative products) in embryonic, postnatal, adult, and injured spinal cord, and (3) the use of neoepitope antibodies (NITEGE, FVDIPEN, and TFKEEE) that identify aggrecan-specific degradative fragments.
The presence of aggrecan in the developing and mature CNS
Full-length aggrecan core protein (ϳ350 kDa) and several degradative aggrecan products were detected and characterized with ATEGQV and TYKRHL antibodies in embryonic, neonatal, and adult rat spinal cord. The pattern of aggrecan bands did not appear to differ markedly between E14, PND1, and adult spinal cord. These results suggest that aggrecan has the same range of core protein species independent of age and that the majority of aggrecan in spinal cord at all ages is in C-terminally truncated forms. In this regard, we cannot entirely exclude the possibility that some of the fragmentation occurred during preparation. However, this would have to be aggrecan specific because both neurocan and brevican were essentially intact in the same samples prepared for Western blot analysis. If, as seems likely, the aggrecan is primarily fragmented in the spinal cord in vivo, this would be very similar to aggrecan in the intervertebral disk (Sztrolovics et al., 1997) and in mature articular cartilages (Lark et al., 1995a,b,c) . This makes aggrecan somewhat different from other proteoglycans, such as brevican (Yamaguchi, 1996) and neurocan (Rauch et al., 1991) , both of which undergo specific, but limited, age-dependent degradative processing in vivo in the CNS. It is of course likely that marked variations exist in the CS glycosylation patterns on aggrecan at different ages and after injury in the spinal cord as has been well documented for cartilage aggrecan (Plaas et al., 1998) . Although the role of aggrecan in the normal CNS is unclear, it is likely that it is a function of both the core protein and GAG substituents. For example, the influence of aggrecan in spinal cord growth and repair is consistent with the documented effects of CSPGs as a group, and aggrecan could represent or contribute to the CSPGs that repel migrating cells and act as a guidance molecule during development (Steindler et al., 1990; Oakley and Tosney, 1991; Oakley et al., 1994; Wilson and Snow, 2000) . Aggrecan and other CSPGs also inhibit neurite growth in cell culture (Snow et al., 1990 (Snow et al., , 1996 Snow and Letourneau, 1992; Wilson and Snow, 2000) , and their abundance appears to be correlated with a lack of regeneration after SCI Lemons et al., 1999) . In addition, aggrecan, like other proteoglycans, may influence the matrix of the spinal cord by binding hyaluronan through the G1 domain and specific molecules such as tenascin through the G3 domain (Rauch et al., 1997; Milev et al., 1998a,b) . The role of CSPGs in binding other matrix molecules is well illustrated by the binding of TGF-␤ by decorin (Boyd et al., 1990; Andres et al., 1992; Hildebrand et al., 1994) . In cartilage and maybe to some extent in the CNS, the osmotic effect of the high density of negative charge on aggrecan allows it to bind water, and this in combination with a restraining network, such as collagen fibrils, allows it to contribute to the turgor and integrity of this tissue. Although the effects of specific GAG components in the CNS are not yet clear, some studies suggest that CS GAG chains alone, irrespective of the protein core of the PG, can inhibit neurite outgrowth (Snow et al., 1990 (Snow et al., , 1991 Snow and Letourneau, 1992) . In addition, the spatial and temporal expression patterns of CS GAG chains have been correlated with a lack of regrowth after SCI Lemons et al., 1999) . Thus, it is reasonable to hypothesize that both the subdomains of the aggrecan core protein and its GAG constituents have discrete functional roles in spinal cord physiology.
Specific aggrecan degradative products are present in the spinal cord
The ADAMTS family of proteases appears to be responsible for the cleavage of several different aggregating proteoglycans in a variety of tissues including cartilage Tortorella et al., 1999) , brain (Yamada et al., 1995) , and aorta . This is the first time, to our knowledge, that aggrecan products generated by the ADAMTS family of proteases have been shown to occur in the CNS. Thus, although these results are the first to support the presence and activity of aggrecanase or an aggrecanase-like enzyme in the spinal cord, this maybe is not surprising because ADAMTS-4 (aggrecanase-1) was first cloned from a human brain library (Kuno et al., 1997) .
A 52 kDa aggrecan fragment that reacted with both ATEGQV and FVDIPEN antisera was seen in spinal cord tissue. This fragment (G1-VDIPEN341) that also is present in cartilage can be generated by MMP or Cat B treatment of aggrecan (Lark et al., 1995c; Mort et al., 1998) . Because a variety of metalloprotein-ases have been identified in the spinal cord (Chandler et al., 1997; Kieseier et al., 1998; Pagenstecher et al., 1998) , it is perhaps not surprising that the FVDIPEN fragment is present. It, therefore, appears that spinal cord aggrecan is susceptible to many of the same degradative processes that occur in articular cartilage and intervertebral disk.
The quantity of individual aggrecan core protein species is markedly altered by SCI Although overall aggrecan core protein content is significantly reduced after SCI (Fig. 7) , many of the ATEGQV-and TYKHRL-positive bands detected in normal spinal cord tissue were present at 1 and 2 weeks after injury (Figs. 2, lanes 1-3, 5, 6 , 6) This suggests that the enzymes that cleave aggrecan in the spinal cord at 1 and 2 weeks after injury are similar to those present in the uninjured spinal cord or that novel aggrecan fragments generated after injury are rapidly cleared from the tissue.
Interestingly, full-length aggrecan core protein (ϳ350 kDa) was consistently undetectable at 1 week after injury, suggesting (1) that the injury inhibits production of aggrecan and the small amount of full-length core protein is cleared by normal turnover and/or (2) that injury activates proteolysis of full-length aggrecan. Indeed, it is not uncommon for proteins to be degraded after SCI because of increased production of enzymes. For example, expression of MMP-2 and -9 increases after injury in vivo and is produced by activated microglia and astrocytes in vitro (Gottschall et al., 1995; Rosenberg, 1995; Pagenstecher et al., 1998; Romanic et al., 1998) . Thus, increases in enzymes, such as MMPs, may contribute to an extended postinjury degradation of aggrecan.
It is possible that some of the putative CS-substituted aggrecan fragments that are normally present (bands B-D) may be capable of inhibiting neurite growth (Pettway et al., 1990; Brittis et al., 1992; Risling et al., 1993) ; however, we have not determined the extent of CS substitution on any of the aggrecan species described. In this regard, it appears as if some proteoglycans, such as NG2, can inhibit growth via their protein core (Dou and Levine, 1994) , and it is, therefore, possible that a particular fragment of aggrecan core protein alone is capable of inhibiting neurite growth.
Overall, our data present a framework for the matrix events that follow SCI and repair. The identification of specific aggrecan species provides, for the first time, information on the proteases involved and the nature of the remodeling process. To what extent these changes can provide an explanation for the marked alteration in CS immunoreactivity in SCI models will require analysis of the GAG content (constituents) of the specific proteoglycans.
Other aggregating proteoglycans are present in the spinal cord
Our results in the developing and adult spinal cord confirm and extend previous findings on brevican and neurocan in the CNS. There is no previous documentation showing brevican in the spinal cord, although it has been shown in the brain (Yamaguchi, 1996; Yamada et al., 1997; Milev et al., 1998b; Seidenbecher et al., 1998) . The abundance of RB18-positive fragments (80 and 145 kDa) in postnatal and mature spinal cord and their apparent absence from E14 spinal cord (Fig. 3, lanes 3-6 ) support the finding that brevican accumulates with age in the CNS (Milev et al., 1998b) .
The 1D1 and 1F6 neurocan antibodies identified neurocan in the adult spinal cord. Previously, neurocan has been shown only in the adult and embryonic brain and in the embryonic spinal cord (Engel et al., 1996; Meyer-Puttlitz et al., 1996; Katoh et al., 1998) . Full-length neurocan core protein (ϳ245 kDa), however, was not seen here in the adult spinal cord with either of these antibodies, in agreement with other studies showing that the 245 kDa protein is not present in significant amounts in the adult brain (Rauch et al., 1991) . The lower molecular weight 1D1-and 1F6-positive bands (150 and 130 kDa, respectively) that we identified in adult spinal cord are, therefore, similar to the neurocan species seen previously in the adult brain (Rauch et al., 1991 (Rauch et al., , 1992 .
In conclusion, we have unambiguously identified aggrecan in the embryonic, adult, and injured rat spinal cord. Aggrecan and its fragments may well represent part of the CSPG population that can inhibit growth (Snow and Letourneau, 1992; Snow et al., 1996) , serve as a developmental guidance molecule for both cell and axonal migration (Pettway et al., 1990 (Pettway et al., , 1996 Fichard et al., 1991; Oakley and Tosney, 1991; Perris et al., 1991; Oakley et al., 1994; Landolt et al., 1995) , or possibly contribute to the lack of regeneration after CNS injury (Gates et al., 1996; Davies et al., 1997; Lemons et al., 1999) .
